Abstract-By incorporating a lumped-element impedancematching network on the laser diode carrier/submount, the signal injection efficiency of electro-absorption modulator integrated lasers is significantly improved through the reduction of input return loss. Over a frequency range spanning from 5.8 to 10 GHz, an improvement of approximately 12% to 37% in signal injection efficiency is observed. To avoid increasing the component-count, a unique implementation of the lumped element impedance matching network is proposed.
I. INTRODUCTION
T HE ADVENT of optical fiber communications to accommodate the ever-increasing demand on channel transfer-rate and transmission capacity has led to perpetual interest in dense wavelength division multiplexing (DWDM) [1] . 10-Gb/s optical fiber communication systems have been deployed in parts of the communication infrastructure to provide a higher channel transfer-rate and larger transmission capacity. In the past, Mach-Zehnder modulators (MZM) have been used in sectors where the required transmission rate and range are beyond the capability of directly modulated laser diodes [2] , [3] . Since the introduction of the relatively cheaper electro-absorption modulator (EAM) [4] and electro-absorption modulator integrated lasers (EML) [5] , these devices have replaced the MZM in some of the segments where EAMs and EMLs are applicable [6] - [8] . Besides costing less than the MZM and can be monolithically integrated with a distributed-feedback (DFB) laser diode (LD), the EAM has the advantage of operating at a significantly lower voltage [9] . Nevertheless, one tedious problem associated with EAMs and EMLs is the large impedance mismatch between these devices and the signal source. Typical 10-Gb/s EMLs exhibit an input return loss of more than 8 dB and 10 dB for frequencies above approximately 5 and 8 GHz, and a 3 dB modulation bandwidth ranging from 8 to 11 GHz. Although some of these EMLs have sufficient bandwidth to meet the specified bandwidth (i.e., more than 10 GHz), their input return loss falls short of the specified value (i.e., less than 10 dB for frequency up to more than 10 GHz). To-date, two methods of designing EML modules to meet the required specifications have been proposed [10] , [11] . To reduce the input return loss, Ishimura et al. [10] have proposed to use a current-compensation technique to control the impedance seen by the signal source, whereas Lim et al. [11] have proposed a reactive impedance matching technique to trim the reactive part of the impedance seen by the signal source. The unfavorable aspect of these two methods is that the device capacitance of the EAM section of the EML must be reduced to not more than approximately 0.4 pF; causing optical performance to be compromised. The tradeoff between a low device capacitance and a good optical performance (e.g., extinction ratio, chirp, optical output power) has made it difficult to achieve the radio-frequency (RF) and optical performance specifications simultaneously. A typical 10-Gb/s EML design with an optimum optical performance has a device capacitance of approximately 0.6 pF for the EAM section. Although a difference of 0.2 pF is small in the general domain, it is very significant in the high-frequency (HF) domain. In fact, this is a large value (a difference of approximately 33%) considering the physical size of the EAM, and its impact on the performance of the EAM is significant. To relief the above problem, a method (similar to that proposed in [12] ) to improve the signal injection efficiency and optical performance of 10-Gb/s EMLs will be proposed in this paper. In contrast to [12] , a systematic lumped-element impedance-matching network (L-network) design procedure is followed and implementation method and design equations will be presented in this paper. Moreover, the " " design proposed in [12] functions more like staggered-step impedance transformer or open-circuit stubs which consist of two impedance discontinuities that cause signal reflections and result in signal distortion and degraded jitter. Furthermore, using two discrete sections to introduce the required capacitance and inductance restrict the implementation to bit-rates lower than 10 Gb/s because parasitic inductance and capacitance are introduced by these sections. In this paper, a unique implementation to show how this impedance-matching technique that originally used lumped-elements can be applied to higher frequencies in excess of that demonstrated in [12] . This unique implementation that uses only one microstrip transmission-line section instead of two (as in [12] ) to implement the L-network is expected to have better signal quality and jitter.
II. DESIGN OF THE IMPEDANCE-MATCHING ELEMENT Fig. 1(a) shows the schematic drawing of a typical design of an EML, and Fig. 1(b) shows the structure details of the EAM section. Based on this device structure of the EML, an equivalent electrical circuit model of the EML was derived [ Fig. 1(c where the laser diode is represented by a --diode. Using the dimensions of a typical EAM design, each of the model parameters was calculated and extracted from and responses. The extracted values for the device resistance (R1), differential resistance (R2), isolation resistance (R3), and capacitance of the absorption layer (C1), intrinsic layers (C2 and C4), iron-doped layers (C3 and C5) , and polyimide layer (C6) are 5 , 300 , 20 k , 0.42 pF, 0.732 pF, 0.082 pF, and 0.085 pF, respectively.
On a module level, the equivalent electrical circuit model of an EML module is shown in Fig. 2(a) where the signal source impedance is represented by a 50-termination, the signal feeder on the seven-pin butterfly package for soldering the signal lead of the RF connector is represented by a co-planar waveguide transmission-line CPW1, the signal feeder on the LD carrier/submount where the EML is bonded is represented by a microstrip transmission-line TL1, R4 acts as a termination resistor to pull the impedance of the EAM close to the characteristic impedance of the signal source, the equivalent capacitance of C1, C2, C3, C4, and C5 as in Fig. 1 (c) is represented by C7, the bonding-wire that connects the signal line of CPW1 to TL1, the ground plane of CPW1 to the ground plane of TL1, the signal line of TL1 to the bond-pad of the EAM, the bond-pad of the EAM to the termination resistor are represented by L1, L2, L3, and L4, respectively. The value of L1, L2, L3, and L4 used in this work are 0.3, 0.3, 0.5, and 0.5 nH, respectively. These are very reasonable and practical values to consider. Typically, CPW1 and TL1 are designed to have a characteristic impedance of 50 . Taking all the above into consideration, the input return loss response and modulation response obtained from the well-established RF simulator (Advanced Design System) developed by Agilent Technologies are shown in Fig. 2(b) and (c), respectively. It was observed that the input return loss is greater than 10 dB for frequencies above approximately 5 GHz. Although this design has a modulation bandwidth of approximately 12 GHz, its signal injection efficiency and signal quality are not good due to substantially high input reflection.
To improve the input return loss response of the EMLs, the L-network appears to be a very suitable candidate among the various impedance-matching techniques as it can achieve a good impedance-matching between a complex load and a microwave system [12] . To design an appropriate L-network, the load [ Fig. 3(a) ] impedance was noted (i.e., ) at the frequency which the input return loss response crossed the 10 dB mark (i.e., 6.5 GHz) and inserted into the following equations: where and are the reactance of the capacitor and inductor respectively, and are the real and imaginary parts of the load impedance, and is the characteristic impedance of the transmission-line which the load is to be matched to. As a result, the value of L5 and C8 (Fig. 4) were found to be 0.633 nH and 0.466 pF, respectively. As the value of the inductance and capacitance of the L-network are non-standard values, this adds on to the additional cost. To implement the L-network with no additional cost to the original cost, it is proposed here to implement the L-network using transmission-lines whereby no additional concern over reliability issue due to increased component-count is introduced. Here, the microstrip transmission-line has been used for illustration. The shunt capacitance and inductance of the microstrip transmission-line L-network are calculated as follows:
where is the permittivity of free-space, the relative permittivity of the substrate, the surface area of the transmission-line, the thickness of the substrate, the propagation constant, the length of the transmission-line, and the frequency of concern. The shunt capacitance and series inductance of various combinations of length and width of the microstrip transmission-line L-network were calculated and the one that gives the desired capacitance and inductance was used [ Fig. 5(a) ].
III. SIMULATION RESULTS AND EVALUATION
Consequently, results showed that an input return loss of below 10 dB for frequencies below 9.5 GHz and a modulation bandwidth of 11 GHz have been achieved [ Fig. 5(b) and (c) ]. As the input return loss still falls short of the required value, the capacitance of the absorption layer was reduced, and it was found that the device capacitance of the EAM section must not be more than approximately 0.5 pF in order for this approach to meet both specifications. With the device capacitance of the EAM section reduced, the input return loss of the load was noted to cross the 10 dB mark at 7.7 GHz [ Fig. 6(a) ], and the load impedance at this frequency was noted to be [ Fig. 6(b) ]. With this impedance, the inductance and capacitance of the L-network were calculated to be 0.478 nH and 0.393 pF, respectively. The shunt capacitance and series inductance of various combinations of length and width of the microstrip transmission-line L-network were calculated and the one that gives the desired capacitance and inductance was used. Consequently, results showed that the input return loss stays below 10 dB up to a frequency of more than 10 GHz and the modulation bandwidth is nearly 12 GHz [ Fig. 7(a) and (b) ]. Compared to the typical design shown in Fig. 2(a) , this design has significantly improved the signal injection efficiency of the EML from 60%-68% to 80%-97% over a frequency range spanning from 5.8 to 10 GHz. In comparison to the techniques proposed by Ishimura et al. [10] and Lim et al. [11] , the method proposed in this work has the advantage of not having to reduce the device capacitance of the EAM drastically by approximately 33% which greatly affects the optical performance of the EAM. Although the design proposed in this work also resorts to reducing the device capacitance of the EAM (from approximately 0.6 to 0.5 pF), the amount (i.e., 14%) is relatively small compared to 33%. The improvement of the proposed design is more than twofold, hence relieving the compromise made on the optical performance by a factor of more than two. Considering the difficulty in achieving good signal injection efficiency and good optical performance simultaneously, this is indeed a significant and additional improvement.
To understand the mechanism responsible for the above improvement, the input impedance response of the proposed design [ Fig. 5(a) ] as well as that of the original design [ Fig. 2(a) with device capacitance reduced to approximately 0.5 pF] are plotted as shown in Fig. 8 . With the incorporation of the L-network, it can be observed from Fig. 8(a) that the real part of the input impedance has been controlled to within 39 to 55 which would otherwise vary from 43 to 110 over a range of frequency spanning from 0.1 to 9 GHz. From Fig. 8(b) , it can be observed that for a frequency range spanning from 0.1 to 6.8 GHz, the improvement in signal injection efficiency is due to reduced inductance. From approximately 6 to 9 GHz, the imaginary part of the input impedance of the original design decreases rapidly from approximately and becomes capacitive at around 7.3 GHz. As for the proposed design, the imaginary part of the input impedance decreases gradually to close to the purely resistive mark but does not become capacitive. For the proposed design, the imaginary part of the input impedance is controlled to within to instead of within around to . In a nutshell, the improvement of the signal injection efficiency of the EMLs is due to the well-controlled input impedance brought about by the uniquely implemented L-network. With this method, EMLs can be designed to yield enhanced signal injection efficiency and better optical performance than before. Fig. 9 shows a possible implementation of the proposed EML carrier/submount designs using microstrip transmission-line with ground plane. The coplanar ground plane of which the EML is bonded is connected to the bottom ground plane using vias. On one side of the EML are the conventional 50-microstrip transmission-line and the uniquely implemented L-network [represented by TL2 in Fig. 5(a) ]. On the other side of the EML consists of two 50-microstrip transmission-lines that act as bond-pads on both ends of the 50-thin-film termination resistor and a direct-current (dc) bias feed-line.
IV. DEVICE IMPLEMENTATION
The value of L1 and L2 should be kept as low as possible to minimize their deteriorating effects on module performance. Hence, the length of the EML carrier/submount was determined to minimize the value of L1 and L2. To achieve reasonably good precision for the value of L3 and L4, the repetitive accuracy of the automatic wire-bonder must be carefully evaluated. The choice of bonding-wire would then determine the distance Fig. 2(a) . from the microstrip transmission-line L-network and the 50-thin-film termination resistor to the EML. As a result, the total length of the signal feeder was 3.4 mm. For the responses shown in Fig. 5 and a 0.3-mm-thick HF substrate having a relative dielectric constant of 8.7, the length and width of the microstrip transmission-line L-network are 1.641 and 0.861 mm, respectively. Generally, the EAM section of EMLs for 10-Gb/s applications is 150 to 200 m long. The continuous-wave DFB LD section does not affect the HF performance of the EML because the isolation resistance between the EAM section and DFB LD section is typically 20 k . Hence, the length of the DFB LD section, design of the dc bias feed-line, and the bonding-wire connecting them have no effect on the HF performance of the EML. Nevertheless, the choice of the length of the DFB LD section determines the maximum optical signal power and the optical signal extinction ratio. Typically, the length of the DFB LD section of 10-Gb/s EMLs is 300 to 500 m.
The robustness of this implementation to fabrication precision was evaluated based on the tolerance of L1, L2, L3, L4 , and the microstrip transmission-line (i.e., the conventional 50-microstrip transmission-line and the proposed microstrip transmission-line L-network). In practice, the value of L1 and L2 can be as low as 0.1 nH. However, a value of 0.2 nH have been considered in the evaluation.
V. TOLERANCE ANALYSIS
Through a series of simulations, it was found that the proposed implementation can tolerate a fabrication precision of 20 m for the microstrip transmission-line and 0.1 nH for L3 and L4. Fig. 10(a) shows the input return loss and modulation responses when the microstrip transmission-line is 20 m short of design value. When L3 and L4 have an inductance that is 0.1 nH lower than the nominal value of 0.5 nH, it was observed from the input return loss responses that the 10 dB cross-over frequency was extended from 10.7 to 11.5 GHz and the peak of the hump at around 6 GHz was raised from 13 dB to 11 dB.
On the other hand, the 10 dB cross-over frequency was reduced to 10.4 GHz and the peak of the hump at around 6 GHz was lowered to 15 dB. In either case, the 3 dB bandwidth is in excess of 10 GHz (i.e., more than 13 GHz for the former and more than 12 GHz for the latter). The input return loss and modulation responses for the case where the microstrip transmission-line is 20 m in excess of design value are shown in Fig. 10(b) . As can be noted from the input return loss responses, the 10 dB cross-over frequency extends to 11 GHz and the peak of the hump at around 6 GHz rises to 11 dB when L3 and L4 have an inductance of 0.4 nH. For the case where L3 and L4 have an inductance of 0.6 nH, the input return loss response showed that the input return loss rises above 10 dB at 10 GHz and has a peak of 15 dB at around 6 GHz. The 3 dB bandwidth for the former is more than 13 GHz and more than 12 GHz for the latter. It should be noted that the device capacitance of the EAM section of the EML used in the above harsh evaluation was 0.45 pF. The above evaluation is a harsh one because microstrip transmission-line fabrication has a higher precision than that considered here. In actual fact, microstrip transmission-lines can be fabricated very precisely through calibration. Also, by using the appropriate bonding-wires and knowing the capability of the automatic wire-bonder the nominal values of L1, L2, L3, and L4 can be achieved. It should be mentioned that the value of L1 and L2 that produced the results shown in Fig. 7 was 0.3 nH. Hence, some tolerances have already been incorporated in that design because the value of L1 and L2 can be as low as 0.1 nH in practice. Therefore, it should be possible to meet the specifications with an EML having an EAM section with a device capacitance of 0.5 pF.
VI. CONCLUSION
To substantially subside the unfavorable effects (i.e., reduced extinction ratio, compromised chirp performance, and lower optical output power) of reducing the device capacitance of the EAM section of the EML to improve the signal injection efficiency of the EML, this work has proposed to incorporate a lumped-element impedance-matching network (L-network) on the LD carrier. To avoid additional cost and reliability issue due to increased component-count, a unique implementation of the L-network was proposed and illustrated. With the L-network incorporated and the device capacitance of the EAM reduced to 0.5 pF (a reduction of about 14% as oppose to about 33% in the case of other methods), the signal injection efficiency was found to increase from approximately 60%-68% to 80%-97% (an improvement of approximately 12%-37%) over a frequency range spanning from 5.8 to 10 GHz. This was achieved at the expense of a reduction in modulation bandwidth from approximately 13 to 12 GHz (a mere 7.69% for the case where the device capacitance of the EAM is reduced to 0.5 pF). There are several approaches to apply this impedance-matching technique to higher bit-rates. One of them is to incorporate the driver into the package whereby the EML carrier/submount becomes shorter. If, however, the same package is to be used, HF substrates with a higher dielectric constant should be used. Otherwise, appropriate packages that reduce the length of the EML carrier/submount should be used. Basically, the size of the EML carrier/submount must be reduced in order for this impedance-matching network to support higher data-rates.
